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Abstract
Beta2-integrins are important in leukocyte trafficking and function, and are regulated
through the binding of cytoplasmic proteins, such as kindlin-3, to their intracellular domain.
Here, we investigate the involvement of beta2-integrins in the regulation of metabolic dis-
ease using mice where the kindlin-3 binding site in the beta2-integrin cytoplasmic tail has
been mutated (TTT/AAA-beta2-integrin knock-in (KI) mice), leading to expressed but dys-
functional beta2-integrins and significant neutrophilia in vivo. Beta2-integrin KI mice fed on
a high fat diet showed normal weight gain, and normal accumulation of macrophages and
lymphocytes in white adipose tissue (WAT) and liver, but increased neutrophil numbers
especially in WAT. In addition, beta2-integrin KI mice fed on a high fat diet showed signifi-
cantly increased peripheral insulin resistance in response to high-fat feeding. However, this
was associated with improved glucose disposal following glucose load. Interestingly, beta2-
integrin KI neutrophils produced more elastase in vitro, in response to stimulation. Beta2-
integrin KI mice displayed variability of tissue inflammatory status, with liver andWAT exhib-
iting little or no difference in inflammation compared to high fat fed controls, whereas skele-
tal muscle demonstrated a raised inflammatory profile in association with higher elastase
levels and diminished signalling through the IRS1-PKB pathway. In conclusion, although
expression of dysfunctional beta2-integrins increased neutrophil production and infiltration
into tissue, skeletal muscle was the most affected tissue exhibiting evidence of higher neu-
trophil activity and insulin resistance. Thus, beta2-integrins modulate glucose homeostasis
during high fat feeding predominantly through actions on skeletal muscle to affect metabolic
phenotype in vivo.
PLOS ONE | DOI:10.1371/journal.pone.0138872 September 25, 2015 1 / 15
a11111
OPEN ACCESS
Citation: Meakin PJ, Morrison VL, Sneddon CC,
Savinko T, Uotila L, Jalicy SM, et al. (2015) Mice
Lacking beta2-Integrin Function Remain Glucose
Tolerant in Spite of Insulin Resistance, Neutrophil
Infiltration and Inflammation. PLoS ONE 10(9):
e0138872. doi:10.1371/journal.pone.0138872
Editor: Xiaoli Chen, University of Minnesota - Twin
Cities, UNITED STATES
Received: January 27, 2015
Accepted: September 6, 2015
Published: September 25, 2015
Copyright: © 2015 Meakin et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.
Data Availability Statement: All relevant data are
within the paper and its supporting information files.
Funding: This work was supported by Biotechnology
and Biological Sciences Research Council, Arthritis
Research UK, Tenovus Scotland, The Anonymous
Trust, the Academy of Finland, Biocentrum Helsinki
and the Sigrid Juselius foundation (all to S.C.F) and
Diabetes UK and Biotechnology and Biological
Sciences Research Council -CASE awards to MLJA.
This work was supported in part by a grant from
AstraZeneca. The funders had no role in the study
Introduction
Low-grade chronic inflammation and the increased expression of pro-inflammatory cyto-
kines in adipose tissue, liver and skeletal muscle is associated with insulin resistance in obe-
sity and type 2 diabetes. In addition to many other leukocyte populations, infiltration of
neutrophils and production of the protease elastase by these cells has recently been impli-
cated in the low-grade inflammation in adipose tissue and liver associated with metabolic dis-
ease [1, 2].
Beta2-integrins (CD18) are adhesion receptors found on the surface of leukocytes, and are
major regulators of leukocyte trafficking and function. Interestingly, these receptors have
been previously implicated in obesity and metabolic regulation [3, 4], although the molecular
mechanisms involved remain poorly understood. Beta2-integrins are regulated through
interactions with cytoplasmic regulators such as talin, kindlin-3, filamin and 14-3-3 proteins,
factors which interact with the beta2-integrin cytoplasmic tail and regulate integrin function
[5]. We have recently reported that mutation of the kindlin-3 binding site in the beta2-inte-
grin intracellular domain results in expressed but dysfunctional integrins in T cells [6]. Inter-
estingly, these mice also display increased neutrophil numbers in the bloodstream as well as
in the bone marrow, and increased neutrophil survival in vitro [6, 7]. In addition, they display
increased dendritic cell activation, cytokine production and dendritic cell-induced Th1 polar-
ization, indicating that beta2-integrins play important roles in immune homeostasis in vivo
[7]. Neutrophilia has also been described in beta2-integrin knockout mice and is a feature of
leukocyte adhesion deficiency patients, where beta2-integrin expression or function is
reduced or lost [8–11]. We therefore decided to investigate the role of beta2-integrins in the
regulation of leukocyte trafficking, inflammation and metabolic phenotype in high-fat diet
fed animals.
We report here that dysfunction of beta2-integrins does not affect trafficking of T cells or
macrophages into adipose tissue or liver during high fat feeding, but numbers of neutrophils
are significantly increased in the bloodstream and adipose tissue of these mice. In addition,
although high fat fed beta2-integrin KI mice do not display increased levels of elastase in the
liver or WAT or indeed increased inflammation in these tissues, there was an increase in elas-
tase and inflammatory mediators in skeletal muscle, associated with systemic insulin resistance
in these mice. Therefore, beta2-integrins do not promote leukocyte trafficking into tissues dur-
ing high fat feeding, but instead restrict neutrophil production and tissue infiltration in vivo. In
addition, beta2-integrins regulate the metabolic phenotype mainly through effects on skeletal
muscle inflammation status in vivo. Therefore, beta2-integrin function plays important roles in
restricting inflammation and metabolic disease during high fat feeding.
Materials and Methods
Mice and high fat feeding
The beta2TTT/AAA integrin knock-in (beta2-integrin knock-in mice) mice have been previously
described [6]. Mice were maintained in the Wellcome Trust Biocentre at the University of
Dundee, in compliance with U.K. Home Office Animals (Scientific Procedures) Act 1986
guidelines (project licence number 60/4280). All animal care, experimental protocols and pro-
cedures were performed in accordance to the Animal Scientific Procedures Act (1986), with
approval of University of Dundee Ethics Committee. Aged-matched male wild type (WT) and
homozygote beta2TTT/AAA integrin knock-in [6] mice were placed on a high fat (HF, 45% Kcal
fat, TestDiets) diet, at 8–10 weeks of age, for 20 weeks.
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Glucose and insulin tolerance tests
After 20 weeks on the diet, glucose homeostasis was measured using glucose (GTT) and insulin
(ITT) tolerance tests. GTT (2 mg/kg) and ITT (0.75 U/kg) tolerance tests were performed on
mice starved overnight or for 4 hours, respectively. Blood glucose concentrations were mea-
sured for 2 hours post-injection using the Ascensia Breeze blood glucose monitoring system
(Bayer Healthcare). To measure pancreatic β-cell function, glucose stimulated insulin secretion
(GSIS) studies were performed. Mice were dosed with glucose (2 mg/kg) following an over-
night fast, and blood samples were taken over 30 minutes for insulin measurements. Trunk
blood was taken at the end of the study for measurement of insulin (Crystal Chem.) and leptin
(R&D Systems) by ELISA according to manufacturers’ instructions.
In vivometabolic analysis
Mice were weighed weekly throughout the 20 week study. Fat and lean masses were measured
using EchoMR 4in1-500 (EchoMRI). Food intake, oxygen consumption and RER were mea-
sured using Oxymax CLAMS system (Columbus Instruments). Mice were placed in the meta-
bolic cages and allowed to habituate for 24 hours, and data collected and analysed from the
subsequent 48 hours.
Flow cytometry
At the end of the 20 week study, blood, perigenital white adipose tissue (WAT), liver and spleen
were harvested from mice following overnight starvation for analysis by flow cytometry. Tissue
samples were weighed, cut into small pieces using a scalpel, and digested in 1 mg/ml collage-
nase, type II (Life Technologies) plus 10 U/ml DNAse I (Sigma) for 30 minutes (spleen) or 1
hour (liver and WAT), with 20 mM EDTA (Sigma) added for the final 5 minutes of digestion.
After digestion, samples were passed through a 100 μm filter. Blood samples were collected in
EDTA (to a final concentration of 12.5 mM, Sigma), and 100 μl of blood taken for flow cytome-
try analysis after red blood cell lysis in Ack buffer (Life Technologies). Single-cell suspensions
of lymphoid tissues were prepared. The following conjugated antibodies were used (from
eBioscience unless otherwise stated, clones given in brackets): CD4 (RM4-5), CD8a (53–6.7),
B220 (RA3-6B2), F4-80 (BM8), Gr-1 (RB6-8C5) CD11b (M1/70; BD Bioscience), CD11c
(N418; Biolegend), CD25 (PC61), CD44 (IM7; BD Bioscience), CD69 (H1.2F3), CD206
(C068C2; Biolegend), CD86 (GL1; BD Bioscience). Fc block (clone 2.4G2; BD Bioscience) was
included in all stains. DAPI (Life Technologies) was added to samples immediately before
acquisition on an LSR Fortessa flow cytometer (Becton Dickinson). Data were analysed using
FlowJo software (TreeStar). Cell numbers were calculated as % live cells and number of cells
per g tissue, or number of cells per 100 μl blood.
H&E staining and insulin staining
Pancreata were fixed in 4% paraformaldehyde in phosphate buffer solution (PBS) for 24 hours
at 4°C, then paraffin embedded and cut into 5μm sections for immunohistochemistry or 3 μm
for histology. Sections were cleared of wax and following an antigen retrieval step were permea-
bilised in PBST (PBS + 0.5% Triton X-100) for one hour then blocked in 5% BSA in PBST for
one hour. Sections were then incubated with primary antibody in blocking solution (insulin
1:100 and glucagon 1:100; both Abcam), in a humidified chamber overnight at 4°C. After
removal of primary antibodies, sections were incubated with appropriate secondary antibodies
in PBST (Cy3 (Jackson ImmunoResearch) 1:250 and Alexa Fluor 488 (Life Technologies)
1:500), secondary antibodies removed and sections dehydrated and dried prior to coverslip
placement with Vectashield anti-fade mounting medium (Vector Laboratories) and sealed
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with nail varnish. Slides were stored at 4°C until imaged. Images were acquired using a confocal
laser scanning microscope (Leica TCS SP5 II). Islet size was estimated by measuring the diame-
ter of the islet (ImageJ) from non-serial sections of pancreatic tissues.
qPCR
At the end of the 20 week study, tissues were harvested following overnight starvation. RNA
was extracted using Trizol (Sigma) and cDNA subsequently synthesised with Superscript II
(invitrogen). Quantitative PCR was performed using assay-on-demand premixed TaqMan1
primers and probes (Life Technologies), as follows: Arg-1 Mm00475988_m1; F4/80
Mm00802529_m1; IL-1βMm00434228_m1; IL-6 Mm00446190_m1; NOS2
Mm00440488_m1; MCP-1 Mm00441242_m1; TNFαMm00443260_g1; elastase
Mm01168928_g1; NLRP3 Mm00840904_m1; caspase-1 Mm00438023_m1; actin 4352933E.
Immunoblotting
After an overnight fast tissues (quadriceps muscle, liver and perigenital fat) were collected in
liquid nitrogen. Tissue samples were ground with a pestle and mortar under liquid nitrogen
and homogenized in a protein lysis buffer. Samples were spun at 13,000rpm for 15 minutes
and the protein content of the supernatant was determined using the Bradford method. Pro-
teins (20μg) were separated by SDS-PAGE and transferred to nitrocellulose membranes and
membranes incubated for 1 hour with fluorescently tagged secondary antibodies (Li-Cor Bio-
sciences) and visualised using the odyssey infrared imaging system (Li-Cor Biosciences). Equal
protein loading of samples was assessed by actin. GLUT4 expression was performed on sam-
ples that were not boiled to allow detection of membrane proteins. Antibodies against protein
kinase B (PKB), phosphorylated PKB (p-PKB), insulin receptor substrate-1 (IRS-1), phosphor-
ylated IRS-1 (p-IRS-1) and tumour necrosis factor alpha (TNFα) were purchased from Cell
Signaling (Invitrogen). The antibodies against glucose transporter 4 (GLUT4), Elastase, inter-
leukin-1 beta (IL-1β), interleukin-6 (IL-6) were obtained from Abcam and actin from Sigma.
All antibodies used at 1:1000 dilution.
Elastase activity assay
Neutrophils were purified fromWT and KI bone marrow by negative selection using a Neutro-
phil Isolation Kit (Miltenyi Biotec) according to the manufacturer’s instructions. Purified neu-
trophils were suspended in 1% BSA/RPMI 1640, seeded onto a 96-well plate (1 x 106 cells/
well), and activated with lipopolysaccharide (LPS) or phorbol 12-myristate 13-acetate (PMA)
in the presence of granulocyte-macrophage colony-stimulating factor (GM-CSF) for 4 h. Elas-
tase activity was detected from cell supernatants with a Neutrophil Elastase Activity Assay Kit
(Cayman Chemicals), according to the manufacturer’s instructions.
Statistics
All data are presented as mean +/- SEM. The two-tailed Student’s t-test, ANCOVA (analysis of
co-variance) or ANOVA, with a Bonferroni post hoc analysis, as appropriate (Graphpad Prism)
were used to calculate statistical significance. p<0.05, p<0.01, p<0.001 versus control.
Results
Normal weight gain in beta2-integrin KI mice fed a high fat diet
Leukocyte infiltration and low-grade inflammation is an important component of metabolic
dysfunction during high fat feeding, and beta2-integrins are important for leukocyte trafficking
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but also restrict inflammation in various settings in vivo. We have previously reported that dis-
rupting the link between the beta2-integrin and its cytoplasmic regulator, kindlin-3, results in
expressed but dysfunctional integrins, leading to reduced T cell trafficking, but also to neutro-
philia and increased dendritic cell activation and Th1 polarization in vivo [6, 7]. We therefore
decided to investigate the response of TTT/AAA-beta2-integrin KI mice, where the integrin/
kindlin link is disrupted and the integrins are expressed but dysfunctional, [6, 7], to challenge
with a high fat (HF) diet. Weight gain in KI mice was indistinguishable to that of wild type lit-
termates when fed a HF (45%) diet (Fig 1A) for 20 weeks, resulting in both genotypes achieving
the same level of obesity (Fig 1B). There was no difference in mean daily food intake (Fig 1C)
during HF feeding and both genotypes exhibited identical expanded fat mass (Fig 1D) and
increased plasma leptin levels (Fig 1E), consistent with an equivalent obese phenotype.
Fig 1. Normal weight-gain of beta2-integrin knock-in mice on a high fat diet. (A) Weight gain by WT and KI mice on a HF diet. (B) Body mass curves of
age-matchedWT and KI mice fed on a HF diet, monitored over a period of 20 weeks from 8–10 weeks of age. (C) Mean food intake per day of HF-fedWT and
KI mice (D) Percentage lean and fat mass determined by qMR imaging in HF-fed 7-month-old male WT and KI mice. (E) Fasting blood leptin levels after 20
weeks HF-feeding for WT and KI mice. (F) Weights of tissues fromWT and KI mice at the end of the 20-week HF-feeding study. (G) Respiratory exchange
ratio (RER) for WT and KI mice at 20 weeks of HF diet; denoting overall mean RER over the 48 hour period and during light and dark phases. (n = 8–11. The
results are means ± S.E.M. * P < 0.05; ** P < 0.01.
doi:10.1371/journal.pone.0138872.g001
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Furthermore, adipose tissue weights were unaltered in comparison to HF-fed wild type mice in
HF-fed beta2-integrin KI mice, as were weights of all other organs except the spleen (Fig 1F),
which has increased cellularity due to altered leukocyte migration patterns [6]. An unaltered
fat distribution has previously been reported in CD11c knockout mice [12]. Energy expendi-
ture, as determined by O2 consumption, was unaffected by the beta2-integrin mutation (data
not shown). However HF-fed beta2-integrin KI mice displayed an overall higher respiratory
exchange ratio compared to HF-fed wild type mice, shown as a significant increase in the dark
phase (Fig 1G), indicating increased carbohydrate oxidation, also observed in fasted CD18-de-
ficient mice [3]. Therefore, dysfunction of beta2-integrins does not impact on overall body fat
deposition in mice challenged with HF diet.
High-fat fed beta2-integrin knock-in mice display increased insulin
resistance and improved glucose disposal
Neutrophils have been shown to play a role in insulin sensitivity of mice on a high fat diet [1].
Therefore, we went on to investigate glucose homeostasis during HF feeding in beta2-integrin
KI mice, which displayed increased neutrophil numbers [6, 7]. In control experiments, on reg-
ular chow (RC) diet, we found no difference in glucose homeostasis or insulin sensitivity
between wild type and beta2-integrin KI mice (S1 Fig). Fasted blood glucose levels of HF-fed
beta2-integrin KI mice were not significantly different from HF-fed wild type controls (Fig 2A)
with fasted glucose higher in both genotypes compared to RC fed mice (S1 Fig). Interestingly,
the beta2-integrin KI mice displayed mildly improved glucose tolerance at both 10 and 20
weeks of HF feeding compared to wild type mice (Fig 2B–2E). In contrast, at both time points,
beta2-integrin KI mice displayed an impaired glucose disposal response to insulin injection
compared to wild type mice (Fig 2F and 2G). Further investigation revealed fasted insulin levels
in KI mice to be significantly lower than wild type levels (Fig 2H), and KI mice responded to
glucose injection from this basal level with an increased glucose-stimulated insulin secretion
unlike wild type mice, which showed no significant increase in insulin levels from the fasted
baseline (Fig 2I), although this was still attenuated compared to RC-fed wild type mice.
Together, these data demonstrate that although HF-fed beta2- integrin KI mice are insulin
resistant they have improved glucose disposal, possibly owing to increased basal (non insulin-
dependent) glucose uptake associated with a higher rate of glucose oxidation and better resid-
ual beta cell function. The improved glucose tolerance and glucose-stimulated insulin secretion
of the beta2-integrin KI mice led us to investigate whether there were differences in pancreatic
morphology of these HF-fed mice. As expected HF-feeding increased islet area, indicative of
expanded pancreatic beta cell mass, with alpha cell infiltration of islets in wild type mice (Fig
2J). However, islets were significantly smaller in HF-fed beta2-integrin knock-in mice,
although alpha cell infiltration was apparent (Fig 2J). There was no evident infiltration of neu-
trophils in this organ (Fig 2K).
Normal macrophage accumulation, but increased neutrophil
accumulation in adipose tissue of high fat diet-fed beta2-integrin knock-
in mice
Alpha4-integrins have been reported to play a role in macrophage accumulation in the adipose
tissue during HF diet-induced obesity [13]. However, although the TTT-region of the beta2-in-
tegrin cytoplasmic domain regulates integrin-mediated adhesion under shear flow conditions
and adhesion strength to ligand [6], macrophage accumulation in both white adipose tissue
(WAT) and liver after 20 weeks of high fat feeding was normal in beta2-integrin KI mice (Fig
3A and 3B). In addition, the distribution of other immune cell types in these tissues was also
Integrins Regulate Metabolic Phenotype
PLOS ONE | DOI:10.1371/journal.pone.0138872 September 25, 2015 6 / 15
Fig 2. Reduced insulin sensitivity with increased glucose clearance by beta2-integrin knock-in mice fed a high fat diet. (A) Fasted blood glucose
levels after 10 and 20 weeks HF-feeding in mice of the indicted genotypes (B-E) Intraperitoneal glucose tolerance tests were performed onWT and KI mice
after 10 (B) and 20 weeks (D) of HF-feeding, with quantification of the total glycaemic excursion (area under the curve; AUC) shown at 10 (C) and 20 (E)
weeks. Insulin tolerance tests were performed onWT and KI mice after 10 (F) and 20 (G) weeks of HF-feeding. (H) Fasted blood insulin levels after 20 weeks
HF-feeding for WT and KI mice. (I) Glucose stimulated insulin secretion in WT and KI mice after 20 weeks of HF-feeding. n = 8–11. (J) (left panel)
Representative confocal images of pancreatic islets from RC- and HF-fedWT and HF-fed KI mice, stained for insulin (green) and glucagon (red). Scale bar is
Integrins Regulate Metabolic Phenotype
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relatively normal (Fig 3A and 3B). The exception to this was a higher number of neutrophils in
WAT (Fig 3A), likely reflecting the elevated numbers of neutrophils in these mice (Fig 3C).
Neutrophils were also increased in the liver, although the increase was not statistically signifi-
cant (Fig 3B). In addition, there was a slight (non-significant) reduction in CD4 T cell numbers
in WAT and of CD8 T cells in the liver (Fig 3A and 3B). Therefore, the TTT/AAA mutation in
the beta2-integrin tail, which affects binding of leukocytes to integrin ligands under shear flow
conditions [6] does not significantly affect trafficking of leukocytes, other than neutrophils,
into WAT or liver under conditions of high fat feeding. These results are in agreement with
previous results using ICAM-1- and CD11b-deficient mice [14].
To investigate inflammation status in HF-fed beta2-integrin KI mice, we analysed expres-
sion levels of CD86, CD206, and CD11c, the typical M1/M2 macrophage identification mark-
ers, in F4/80+ cells that had infiltrated the WAT and liver. CD86 and CD206 expression levels
in WAT and liver of beta2-integrin KI mice were normal, whilst CD11c (which pairs with the
beta2/CD18-integrin chain to form CD11c/CD18) expression was reduced (Fig 3D and 3E). As
the TTT/AAA-mutation in the beta2-integrin tail affects integrin surface expression, the
reduced CD11c expression is likely not a reflection of reduced M1-polarization, but a conse-
quence of reduced integrin surface expression due to the mutation [6]. Therefore, there were
no significant differences in macrophage polarization in WAT and liver of these mice.
50 microns. (right panel) Islet areas for RC-fedWTmice (grey bar; n = 20; N = 2); HF-fedWTmice (white bar: n = 25, N = 4) and HF-fed KI mice (black bar).
n = 39; N = 4). (K) Representative haematoxylin and eosin staining of pancreas showing no neutrophil infiltration in HF-fedWT and KI mice. Scale
bar = 100 μm (in 10x magnification) and 20μm (in 40x magnification). The results are means ± S.E.M. * P < 0.05; ** P < 0.01; *** P < 0.001.
doi:10.1371/journal.pone.0138872.g002
Fig 3. Increased neutrophil accumulation in adipose tissue of beta2-integrin knock-in mice, but normal macrophage infiltration and differentiation.
(A-B) At the end of the 20-week HF-feeding study, WAT (A) and liver (B) fromWT and KI mice were analyzed by flow cytometry to quantify numbers of
leukocytes, shown as percentage of live cells (left) and number of cells per g tissue (right). (C) Blood samples were analysed by flow cytometry for leukocyte
numbers, shown per 100μl blood. (D-E) F4/80+ macrophages in the adipose tissue (D) and liver (E) were analysed for expression of the M1/M2 macrophage
markers, CD86, CD206 and CD11c. n = 10–11. (F) Elastase activity of isolated neutrophils fromWT and KI mice, stimulated with LPS or PMA. n = 3. The
results are means ± S.E.M. ** P < 0.01; *** P < 0.001.
doi:10.1371/journal.pone.0138872.g003
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Tissue-specific increase in elastase expression and inflammation in
beta2-integrin KI mice on a high fat diet
Obesity is associated with increased circulating neutrophils in humans and rodents, with evi-
dence to suggest that these are chronically activated [15–17]. Indeed, elastase production by
neutrophils has recently been demonstrated to play a crucial role in inflammation and obesity
in response to high fat diet feeding [1, 2]. Interestingly, in addition to increased neutrophil
numbers in blood, WAT and liver of beta2-integrin KI mice, in vitro analysis of isolated neu-
trophils demonstrated that the TTT/AAA integrin mutation resulted in enhanced elastase pro-
duction in response to phorbol ester stimulation compared to wild-type cells (Fig 3F). This
result, in conjunction with the creased insulin resistance associated with the beta2-integrin KI
mice, led us to examine elastase levels and WAT, liver and muscle inflammatory status in more
detail. Surprisingly, there was no evidence to indicate that the enhanced trafficking of neutro-
phils into liver had any significant impact on inflammatory status. Thus although mRNA
expression of inflammasome components such as NLRP3 and caspase-1, along with IL-1β and
elastase were increased in beta2-integrin KI, compared to wild type, livers, there was no
increase detected in protein levels of TNFα, IL-1β and IL-6 and surprisingly a reduction in elas-
tase levels (Fig 4A and 4B). There was also no clear indication of a modified pro-inflammatory
response in beta2-integrin KI WAT versus controls, with mRNA expression of IL-6, NOS2,
TNFα, NLRP3, caspase-1, IL-1β and elastase unchanged, with reduced MCP-1 expression (Fig
Fig 4. Elevated inflammation and elastase levels in skeletal muscle but not liver andWAT. After 20 weeks of HF feeding, gene expression levels of the
pro-inflammatory markers; TNFα, IL-6, elastase, NLRP3, Caspase-1, and IL-1βwere measured in the liver (A) WAT (C) and muscle (E) of WT and KI mice.
Additionally, levels of NOS2 and MCP-1 are shown for WAT (D) and F4/80, MCP-1, Arg-1 for skeletal muscle (E) n = 5–11. Representative immunoblots for
elastase, TNFα, IL-1β and Il-6 in liver (B), WAT (D) and skeletal muscle (F) with quantification of the immunoblot data for each protein also shown. n = 8–11.
The results are means ± S.E.M. * P < 0.05; ** P < 0.01; *** P < 0.001.
doi:10.1371/journal.pone.0138872.g004
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4C). Furthermore, levels of elastase, TNFα, IL-1β and IL-6 were unaltered in beta2-integrin KI
WAT, although there was a trend towards increased levels for all of these proteins (Fig 4D).
These data suggest that M1 macrophage differentiation and neutrophil activity in WAT and
liver of beta2-integrin KI mice, and thus their inflammatory status, is largely unaltered by the
TTT/AAA integrin mutation.
As skeletal muscle is the main tissue for glucose uptake in the body, we also examined the
effect of the beta2-integrin mutation on its inflammatory status. In contrast to liver andWAT,
skeletal muscle of beta2-integrin KI mice exhibited an increased pro-inflammatory status com-
pared to controls. At transcript level, TNFα, IL-1β, NLRP3, MCP-1 and caspase-1 were
increased, as was the expression of F4/80 (indicative of increased macrophage numbers) with
decreases in IL-6 and arginase 1 (Fig 4E). Furthermore, protein levels of TNFα, IL-1β and IL-6
were also increased in beta2-integrin KI skeletal muscle (Fig 4F). Interestingly, elastase protein
levels were raised in skeletal muscle of KI mice, opposite to the direction of mRNA change. A
divergent transcript and protein expression outcome for elastase was also observed for
beta2-integrin liver, albeit to a lesser extent.
Neutrophil elastase knockout mice have been described to have lower inflammatory tone
than wild type mice on a HF diet, leading for example to reduced IL-1β expression [1]. Thus
our findings that beta2-integrin KI mice on a HF diet, which have increased neutrophil infiltra-
tion and elastase levels and raised inflammatory tone in skeletal muscle, is consistent with an
important role for neutrophil elastase in the inflammatory process. The expression of dysfunc-
tional beta2-integrins in the beta2-integrin KI mice appears to have resulted in increased neu-
trophil production, neutrophil activation (as denoted by raised elastase levels) and
inflammation in skeletal muscle, which may link with cellular insulin resistance [1]. Indeed, we
find that skeletal muscle is the principal tissue affected when insulin signalling was examined.
Thus, there was a significant decrease in basal IRS1, p-IRS1, PKB and p-PKB in KI muscle and
p-PKB in KI WAT, which is not observed in KI liver, compared to control tissues (Fig 5A and
5C). We also detected a large decrease in GLUT4 protein levels in skeletal muscle and WAT
(Fig 5B and 5C).
Taken together, these data indicate that macrophage recruitment to adipose tissue and liver
during high fat feeding is normal in beta2-integrin knock-in mice and that the increased neu-
trophil infiltration has little impact on elastase levels and the overall inflammatory status or
insulin sensitivity of these tissues. In contrast, skeletal muscle displays indicators of increased
recruitment of macrophages and neutrophils leading to higher elastase levels and a pro-inflam-
matory state, consistent with a deleterious outcome on insulin sensitivity and the metabolic
phenotype.
Discussion
Excess nutrient intake drives expansion of adipocytes and increases secretion of chemoattrac-
tants (e.g. MCP-1 and leptin) and of cytokines (e.g. TNFα and IL1β) fromWAT, which act to
attract immune cells promoting dysfunctional lipid metabolism and further pro-inflammatory
cytokine production and release. Generally obesity, in association with chronic inflammation
in WAT and liver is closely associated with systemic insulin resistance [18, 19]. Furthermore,
this obesity-driven combination of low insulin sensitivity with an inability of pancreatic beta
cells to increase insulin secretion sufficiently to maintain glucose homeostasis, leads to hyper-
glycaemia and eventually to diabetes. Although the role of tissue macrophages, predominantly
M1-like, has been the main focus of research into the connection between excess nutrient
intake, low-grade chronic inflammation and insulin resistance, recent studies show significant
contributions from other immune cell types (e.g. T-cells, B-cells and eosinophils). Neutrophils
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have also recently been shown to infiltrate adipose tissue and liver during high fat feeding [1].
Neutrophils secrete numerous proteases including elastase, which mediates many of the effects
of neutrophils on adipose tissue and liver during high fat feeding, including insulin resistance
[1]. Additionally neutrophils are a major site for expression of NLRP3 inflammasome compo-
nents and a significant source of IL1β production [20, 21], processes demonstrated to be
important in obesity-induced insulin resistance [22].
Neutrophilia is a significant symptom in murine models with defects in adhesion molecules,
including a recently developed beta2-integrin knock-in (KI) mouse where the mutation abol-
ishes the integrin-kindlin interaction [6–10, 23]. We show here that beta2-integrin regulates
glucose metabolism during high fat feeding, as knock-in mice (which have a deficiency in
Fig 5. Increased inflammation in skeletal muscle of KI mice is associated with reduced basal IRS1-PKB signalling. (A-C) Representative
immunoblots for p-IRS1, IRS1, p-PKB and PKB, with quantification of immunoblot data for each protein from liver (A), WAT (B) and skeletal muscle (C) of WT
and KI mice. Immunoblots and protein levels of GLUT4 in WAT (B) and skeletal muscle (C) are also shown for WT and KI mice. n = 8–11. The results are
means ± S.E.M. * P < 0.05; ** P < 0.01; *** P < 0.001.
doi:10.1371/journal.pone.0138872.g005
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beta2-integrin function due to lack of binding of the important cytoplasmic regulator kindlin-
3) on a high fat diet display both insulin resistance but also improved glucose tolerance. We
show that neutrophil infiltration into tissues, and elastase production predominantly in skeletal
muscle is increased in mice with deficiency in beta2-integrin function. In addition, these mice
display increased inflammation in skeletal muscle as demonstrated by higher levels of IL-1β,
caspase-1 and NLRP3, probably explaining the increased insulin resistance in these mice.
Indeed we find that insulin signalling efficacy is reduced, particularly in skeletal muscle of the
KI mice. This is in agreement with previous findings that neutrophil elastase KO mice have
reduced levels of IL-1β in the liver and serum [1] and that diminished NLRP3 inflammasome
and caspase-1 activity elicits protection from high-fat diet mediated metabolic disorder [22].
Beta2-integrins are necessary for neutrophil trafficking into sites of inflammation. There-
fore, it may appear contradictory that the beta2-integrin TTT/AAA mutation leads to
increased, rather than decreased, levels of neutrophils in adipose tissue. However, neutrophil
trafficking into inflammatory sites is not always dependent on beta2-integrins [14, 24], or the
beta2-integrin/kindlin-3 interaction [25], and we show here that trafficking of leukocytes into
adipose tissue and liver during high fat feeding is not dependent on the beta2-integrin/kindlin
interaction. Rather, the increased numbers of neutrophils in the bone marrow and bloodstream
of these mice appears to lead to higher numbers of neutrophils in tissues. Interestingly, isolated
beta2-integrin KI neutrophils also produce more elastase in response to cell activation in vitro.
In vivo, the increase in elastase levels in conjunction with increased NLRP3, caspase-1 and
IL1β expression in skeletal muscle indicates increased neutrophil activity in this tissue in the
beta2-integrin knock-in mice. Increased beta2-integrin KI neutrophil activation in vitro, and in
vivo in response to high fat feeding, may be related to the increased responsiveness of beta2-in-
tegrin KI neutrophils to the growth factor GM-CSF that we have recently reported [7].
In contrast, the higher number of neutrophils infiltrated into WAT of beta2-integrin KI
mice is not associated with significantly increased levels of elastase or inflammasome activity,
compared to wild type mouse WAT, although there is a trend towards higher levels of these
proteins. Furthermore, there is no evidence for increased numbers of macrophages or for a sig-
nificant increase in pro-inflammatory cytokine levels in WAT of beta2-integrin knock-in mice
on high fat diet, indicating there is not an exacerbation of the high fat diet mediated inflamma-
tory response through either leukocyte population in this tissue. Liver tissue of beta2-integrin
knock-in mice also demonstrated no increase in macrophage-dependent inflammation, with
unchanged mRNA and protein levels of TNFα and IL-6 expression and macrophage numbers,
which is consistent with the unchanged fasted blood glucose levels between beta2-integrin KI
and control mice. Although neutrophil numbers in liver of beta2-integrin knock-in mice were
not significantly raised we observed increased expression of inflammasome components and a
large increase in elastase mRNA. However no change in protein levels of inflammatory cyto-
kines could be detected and elastase levels were decreased. The dichotomy observed between
elastase mRNA and protein levels in both liver and muscle suggests the presence of a negative
feedback loop connecting tissue elastase activity and transcription of the elastase gene. Indeed,
such a negative feedback mechanism linking neutrophil elastase activity to transcriptional
repression of the elastase gene has been described in a myeloid leukemia cell line [26].
Although we have not been able to determine the distribution of immune cells directly in
skeletal muscle following high fat diet, it is likely that there is an increase in macrophage num-
bers and (M1-like) activity associated with beta2-integrin knock-in, compared to wild type,
mice. This is suggested by the higher expression of the macrophage marker F4/80 and the
monocyte chemoattractant MCP-1. The increased expression of NLRP3, caspase-1 and IL-1β
in KI, compared to wild type, skeletal muscle also indicate increased inflammation in this
organ, which may be related to neutrophils as elastase levels in skeletal muscle were also
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increased. The increased expression of TNFα and IL-1β likely contribute to the insulin resis-
tance observed in the KI mice, as increased expression of these cytokines in skeletal muscle are
associated with higher insulin resistance [27, 28]. However, increased levels of elastase have
also been reported to reduce IRS1-PKB protein levels and signalling [1]. Exactly how dysfunc-
tion of beta2-integrin leads to increased muscle inflammation is unknown at present and
requires further studies.
In summary, the beta2-integrin mutation is associated with neutrophilia and under high fat
diet conditions results in an obese phenotype, similar to that observed for wild type mice. For
the same level of obesity, the beta2-integrin mutation alters local tissue inflammation, with pre-
dominantly skeletal muscle exhibiting increased elastase levels and inflammatory tone. The
resultant altered expression of pro-inflammatory cytokines in skeletal muscle, may explain the
systemic insulin resistance observed in HF-fed KI mice. The overall improved glucose tolerance
of beta2-integrin mutation mice in response to raised blood glucose is most likely owing to
higher basal (non-insulin dependent) glucose uptake, driven in part by higher glucose utilisa-
tion and better glucose-stimulated insulin secretion, which is possibly associated with reduced
HF diet-mediated islet expansion. Further experiments such as hyperinsulinemic-euglycemic
clamp studies, are now required to extend these observations and to examine the mechanisms
underlying the selective influence this beta2-integrin mutation, under high fat diet, has on neu-
trophil interactions with skeletal muscle and skeletal muscle inflammation.
Supporting Information
S1 Fig. Normal glucose homeostasis of beta2-integrin KI mice on a regular chow diet. (A)
Fasted blood glucose levels RC-fed mice of the indicted genotypes. (B) Intraperitoneal glucose
tolerance tests were performed on RC-fed WT and KI mice, with quantification of the total gly-
caemic excursion (area under the curve; AUC) shown. (D) Fasted blood insulin levels for RC-




Conceived and designed the experiments: SCF MLJA. Performed the experiments: VLM PJM
CCS TS SMJ LU JLG. Analyzed the data: VLM PJM CCS TS SMJ LU LK SCF MLJA. Wrote the
paper: VLM SCF PJMMLJA.
References
1. Talukdar S, Oh da Y, Bandyopadhyay G, Li D, Xu J, McNelis J, et al. Neutrophils mediate insulin resis-
tance in mice fed a high-fat diet through secreted elastase. Nat Med. 2012; 18(9):1407–12. Epub 2012/
08/07. doi: 10.1038/nm.2885 PMID: 22863787; PubMed Central PMCID: PMC3491143.
2. Mansuy-Aubert V, Zhou QL, Xie X, Gong Z, Huang JY, Khan AR, et al. Imbalance between neutrophil
elastase and its inhibitor alpha1-antitrypsin in obesity alters insulin sensitivity, inflammation, and energy
expenditure. Cell metabolism. 2013; 17(4):534–48. Epub 2013/04/09. doi: 10.1016/j.cmet.2013.03.005
PMID: 23562077; PubMed Central PMCID: PMC3646573.
3. Babic AM, Wang HW, Lai MJ, Daniels TG, Felbinger TW, Burger PC, et al. ICAM-1 and beta2 integrin
deficiency impairs fat oxidation and insulin metabolism during fasting. Mol Med. 2004; 10(7–12):72–9.
Epub 2005/02/12. doi: 10.2119/2004-00038.Wagner PMID: 15706402; PubMed Central PMCID:
PMC1431368.
4. Dong ZM, Gutierrez-Ramos JC, Coxon A, Mayadas TN, Wagner DD. A new class of obesity genes
encodes leukocyte adhesion receptors. Proc Natl Acad Sci U S A. 1997; 94(14):7526–30. Epub 1997/
07/08. PMID: 9207125; PubMed Central PMCID: PMC23855.
Integrins Regulate Metabolic Phenotype
PLOS ONE | DOI:10.1371/journal.pone.0138872 September 25, 2015 13 / 15
5. Gahmberg CG, Fagerholm SC, Nurmi SM, Chavakis T, Marchesan S, GronholmM. Regulation of integ-
rin activity and signalling. Biochim Biophys Acta. 2009; 1790(6):431–44. Epub 2009/03/18. S0304-
4165(09)00063-4 [pii] doi: 10.1016/j.bbagen.2009.03.007 PMID: 19289150; PubMed Central PMCID:
PMC2734279.
6. Morrison VL, Macpherson M, Savinko T, San Lek H, Prescott A, Fagerholm SC. The beta2 integrin-
kindlin-3 interaction is essential for T-cell homing but dispensable for T-cell activation in vivo. Blood.
2013; 122(8):1428–36. Epub 2013/07/05. doi: 10.1182/blood-2013-02-484998 PMID: 23823319;
PubMed Central PMCID: PMC3750339.
7. Morrison VL, James MJ, Grzes K, Cook P, Glass DG, Savinko T, et al. Loss of beta2-integrin-mediated
cytoskeletal linkage reprogrammes dendritic cells to a mature migratory phenotype. Nature communi-
cations. 2014; 5:5359. Epub 2014/10/29. doi: 10.1038/ncomms6359 PMID: 25348463.
8. Stark MA, Huo Y, Burcin TL, Morris MA, Olson TS, Ley K. Phagocytosis of apoptotic neutrophils regu-
lates granulopoiesis via IL-23 and IL-17. Immunity. 2005; 22(3):285–94. Epub 2005/03/23. doi: 10.
1016/j.immuni.2005.01.011 PMID: 15780986.
9. Scharffetter-Kochanek K, Lu H, Norman K, van Nood N, Munoz F, Grabbe S, et al. Spontaneous skin
ulceration and defective T cell function in CD18 null mice. J Exp Med. 1998; 188(1):119–31. Epub
1998/07/07. PMID: 9653089; PubMed Central PMCID: PMC2525537.
10. Gomez JC, Doerschuk CM. The role of CD18 in the production and release of neutrophils from the
bone marrow. Lab Invest. 2010; 90(4):599–610. Epub 2010/02/10. doi: 10.1038/labinvest.2010.4
PMID: 20142805.
11. Schmidt S, Moser M, Sperandio M. The molecular basis of leukocyte recruitment and its deficiencies.
Molecular immunology. 2013; 55(1):49–58. Epub 2012/12/21. doi: 10.1016/j.molimm.2012.11.006
PMID: 23253941.
12. WuH, Perrard XD, Wang Q, Perrard JL, Polsani VR, Jones PH, et al. CD11c expression in adipose tis-
sue and blood and its role in diet-induced obesity. Arteriosclerosis, thrombosis, and vascular biology.
2010; 30(2):186–92. Epub 2009/11/17. doi: 10.1161/ATVBAHA.109.198044 PMID: 19910635;
PubMed Central PMCID: PMC2830649.
13. Feral CC, Neels JG, Kummer C, Slepak M, Olefsky JM, Ginsberg MH. Blockade of alpha4 integrin sig-
naling ameliorates the metabolic consequences of high-fat diet-induced obesity. Diabetes. 2008; 57(7):
1842–51. Epub 2008/04/23. doi: 10.2337/db07-1751 PMID: 18426864; PubMed Central PMCID:
PMC2453617.
14. Robker RL, Collins RG, Beaudet AL, Mersmann HJ, Smith CW. Leukocyte migration in adipose tissue
of mice null for ICAM-1 and Mac-1 adhesion receptors. Obesity research. 2004; 12(6):936–40. Epub
2004/07/02. doi: 10.1038/oby.2004.114 PMID: 15229332.
15. Herishanu Y, Rogowski O, Polliack A, Marilus R. Leukocytosis in obese individuals: possible link in
patients with unexplained persistent neutrophilia. European journal of haematology. 2006; 76(6):516–20.
Epub 2006/05/16. doi: 10.1111/j.1600-0609.2006.00658.x PMID: 16696775.
16. Elgazar-Carmon V, Rudich A, Hadad N, Levy R. Neutrophils transiently infiltrate intra-abdominal fat
early in the course of high-fat feeding. Journal of lipid research. 2008; 49(9):1894–903. Epub 2008/05/
27. doi: 10.1194/jlr.M800132-JLR200 PMID: 18503031.
17. Trellakis S, Rydleuskaya A, Fischer C, Canbay A, Tagay S, Scherag A, et al. Low adiponectin, high lev-
els of apoptosis and increased peripheral blood neutrophil activity in healthy obese subjects. Obesity
facts. 2012; 5(3):305–18. Epub 2012/06/23. doi: 10.1159/000339452 PMID: 22722748.
18. Osborn O, Olefsky JM. The cellular and signaling networks linking the immune system and metabolism
in disease. Nat Med. 2012; 18(3):363–74. Epub 2012/03/08. doi: 10.1038/nm.2627 PMID: 22395709.
19. McArdle MA, Finucane OM, Connaughton RM, McMorrow AM, Roche HM. Mechanisms of obesity-
induced inflammation and insulin resistance: insights into the emerging role of nutritional strategies.
Frontiers in endocrinology. 2013; 4:52. Epub 2013/05/16. doi: 10.3389/fendo.2013.00052 PMID:
23675368; PubMed Central PMCID: PMC3650620.
20. Mankan AK, Dau T, Jenne D, Hornung V. The NLRP3/ASC/Caspase-1 axis regulates IL-1beta pro-
cessing in neutrophils. Eur J Immunol. 2012; 42(3):710–5. Epub 2012/01/04. doi: 10.1002/eji.
201141921 PMID: 22213227.
21. Bakele M, Joos M, Burdi S, Allgaier N, Poschel S, Fehrenbacher B, et al. Localization and functionality
of the inflammasome in neutrophils. J Biol Chem. 2014; 289(8):5320–9. Epub 2014/01/09. doi: 10.
1074/jbc.M113.505636 PMID: 24398679; PubMed Central PMCID: PMC3931087.
22. Vandanmagsar B, Youm YH, Ravussin A, Galgani JE, Stadler K, Mynatt RL, et al. The NLRP3 inflam-
masome instigates obesity-induced inflammation and insulin resistance. Nat Med. 2011; 17(2):179–88.
Epub 2011/01/11. doi: 10.1038/nm.2279 PMID: 21217695; PubMed Central PMCID: PMC3076025.
23. Horwitz BH, Mizgerd JP, Scott ML, Doerschuk CM. Mechanisms of granulocytosis in the absence of
CD18. Blood. 2001; 97(6):1578–83. Epub 2001/03/10. PMID: 11238094.
Integrins Regulate Metabolic Phenotype
PLOS ONE | DOI:10.1371/journal.pone.0138872 September 25, 2015 14 / 15
24. Mizgerd JP, Kubo H, Kutkoski GJ, Bhagwan SD, Scharffetter-Kochanek K, Beaudet AL, et al. Neutro-
phil emigration in the skin, lungs, and peritoneum: different requirements for CD11/CD18 revealed by
CD18-deficient mice. J Exp Med. 1997; 186(8):1357–64. Epub 1997/10/23. PMID: 9334375; PubMed
Central PMCID: PMC2199087.
25. Savinko TS, Morrison VL, Uotila LM, Wolff CH, Alenius HT, Fagerholm SC. Functional Beta2-Integrins
Restrict Skin Inflammation In Vivo. J Invest Dermatol. 2015. Epub 2015/04/29. doi: 10.1038/jid.2015.
164 PMID: 25918984.
26. Goulet B, Markovic Y, Leduy L, Nepveu A. Proteolytic processing of cut homeobox 1 by neutrophil elas-
tase in the MV4;11 myeloid leukemia cell line. Molecular cancer research: MCR. 2008; 6(4):644–53.
Epub 2008/04/12. doi: 10.1158/1541-7786.MCR-07-0268 PMID: 18403643.
27. Saghizadeh M, Ong JM, GarveyWT, Henry RR, Kern PA. The expression of TNF alpha by humanmus-
cle. Relationship to insulin resistance. J Clin Invest. 1996; 97(4):1111–6. Epub 1996/02/15. doi: 10.
1172/JCI118504 PMID: 8613535; PubMed Central PMCID: PMC507159.
28. Boon J, Hoy AJ, Stark R, Brown RD, Meex RC, Henstridge DC, et al. Ceramides contained in LDL are
elevated in type 2 diabetes and promote inflammation and skeletal muscle insulin resistance. Diabetes.
2013; 62(2):401–10. Epub 2012/11/10. doi: 10.2337/db12-0686 PMID: 23139352; PubMed Central
PMCID: PMC3554351.
Integrins Regulate Metabolic Phenotype
PLOS ONE | DOI:10.1371/journal.pone.0138872 September 25, 2015 15 / 15
